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Abstract
In November 2013, Typhoon Haiyan caused devastating coastal disasters in the central Philippines triggered by large storm surges
which occurred during its passage. It is the strongest typhoon that have ever attacked Philippines in its history. In this study,
numerical simulations are performed for the storm surge and storm waves, together with dynamic meteorological fields such as
wind and pressure induced by Typhoon Haiyan, using an integrated atmosphere-waves-ocean modelling system. The wave-
induced dissipation stress from breaking waves, whitecapping and depth-induced wave breaking, is parameterized and
implemented in the wave-current interaction process, in addition to its influence on the storm surge level in shallow water along
the coast of central Philippines. The simulated track of the typhoon captures the best track well. The effects of wave-induced
dissipation stress in the wave-current interaction resulted in increased surge heights in the relatively shallow areas such as Leyte
Gulf and Visayan Sea in the central region, where the bottom slope of the bathymetry ranges from mild to moderate. The results
also show that wave-breaking has to be considered for accurate storm surge prediction along the east coast of Samar Island over
the narrow surf zone with much finer meshes of the order of several meters.
© 2014 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of organizing committee of APAC 2015, Department of Ocean Engineering, IIT Madras.
Keywords: Storm surge; wave-induced dissipation stress; Typhoon Haiyan; surface waves; Philippines
* Corresponding author. Tel.: +81-48-858-3571; fax: +81-48-858-3571.
E-mail address: hslee@mail.saitama-u.ac.jp
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer- Review under responsibility of organizing committee , IIT Madras , and International Steering Committee of APAC 2015
700   Han Soo Lee and Kyeong Ok Kim /  Procedia Engineering  116 ( 2015 )  699 – 706 
1. Introduction
Tropical cyclones are one of the extreme events arising from an interaction amongst the components within the
Earth Systems and are also one of the most intense weather hazards of all associated with the meteorological
phenomena occurring over tropical oceans and seas. The direct threats that a TC poses toward human life and property
mainly come from its destructive winds, heavy rainfall, storm surges and storm waves, as well as debris flows caused
by continuous heavy rainfall on the mountains. However, numerical simulations on the direct threats have normally
been conducted independently. For instance, simulations of TC processes and forecast in terms of the intensity, track
and rainfall are performed using a complicated operational atmosphere-ocean coupled model (Bao et al., 2000;
Bender and Ginis, 2000; Chan et al., 2001), while the storm surges and storm waves are modeled using a prescribed
wind and pressure forcing or using a simple parameterized wind model (Moon, 2005; Xie et al., 2008).
Depending on the objectives, many coupled modeling systems are developed and used in TC process study, air-
sea interaction process, storm surge and storm wave modeling for natural hazards, and so on. However, most of them
are focusing on one part such as meteorological condition or oceanic condition. Comprehensive reviews on coupled
modeling system in various aspects from such as climate modeling, tropical cyclone process, storm surge and coastal
engineering can be found in Lee et al. (2013).
In the present study, we apply an integrated atmosphere-wave-ocean modeling system to simulate storm surge
and storm wave by Typhoon Haiyan in November 2013. In the system, a new parameterization for wave-induced
dissipation stress is developed and implemented to address the impact of breaking waves on the surface currents
explicitly in both deep and shallow water in the wave-current interaction. We apply the surface roller concept
(Svendsen, 1984) to estimate the wave energy dissipation in whitecapping as well as in depth-induced wave breaking.
Numerical simulations of the track, intensity in terms of winds and pressure, storm waves, and storm surges during
Typhoon Haiyan are performed, which aim to develop an integrated modeling system for dynamic meteorological
and sea surface conditions applicable to typhoon-induced natural hazards management.
2. Typhoon Haiyan
Typhoon Haiyan, known as Typhoon Yolanda in local term, was one of the strongest tropical cyclones ever
recorded, devastating portions of Southeast Asia, particularly the Philippines, in November 2013. It is the deadliest
Philippine typhoon recorded in modern history, killing at least 6,300 people in the country alone (NDRRMC, 2014).
Haiyan is also the strongest storm recorded at landfall, and the strongest typhoon ever recorded in terms of one-
minute sustained wind speed (Tajima et al., 2014).
Fig. 1. (a) Typhoon Best track from the Japan Meteorological Agency (JMA) Regional Specialized Meteorological Center (RSMC); (b) central
minimum pressures in time obtained from Digital Typhoon (http://agora.ex.nii.ac.jp/digital-typhoon/index.html.en).
 
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Fig. 2. (a) The air-sea interaction process in terms of the momentum transfers, from winds to currents, and from waves to currents in deep and
shallow waters through whitecapping and depth-induced wave breaking, respectively. Tw and Tc are used to indicate the direct momentum
transfer from wind to wave and from wind to current, respectively; (b) momentum transfer processes through the wave-induced dissipation
stress from waves to currents by whitecapping and depth-induced wave breaking in the integrated modeling system.
The Typhoon Haiyan originated from an area of low pressure several hundred kilometers east-southeast of
Pohnpei in the Federated States of Micronesia on November 2, 2013. The system was developed into a tropical
depression in the following day while moving westward generally, and then, it was named Haiyan at 00:00 UTC on
November 4. Then, the Haiyan got intensified rapidly and assessed as a Category 5 typhoon using the Saffir-Simpson
wind scale by Joint Typhoon Warning Center (JTWC) by November 6 (Fig. 1).
Fig. 3. (a) Domain configurations for the WRF, WWIII, and POM (Domain 3 only) simulations with the best track from the JMA RSMC; (b)
tidal stations (red circles) in Domain3.
 


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Thereafter, it continued to intensify so that the Japan Meteorological Agency (JMA) reported the maximum ten-
minute sustained winds to 235 km/h (65.28 m/s), the highest in relation to the cyclone at 12:00 UTC on November
7 prior to the landfall in the central Philippines. On 18:00 UTC November 7, the JTWC estimated the one-minute
sustained winds to 315 km/h (87.5 m/s), making Typhoon Haiyan the strongest tropical cyclone ever observed based
on one-minute sustained wind speed. Later at 20:40 UTC (04:40 PHT in local time) November 7, Haiyan made
landfall in the Philippines at Guiuan, Eastern Samar. Gradually weakening, the storm made five additional landfalls
in the country before emerging over the South China Sea. Turning northwestward, the typhoon eventually struck
northern Vietnam as a severe tropical storm on November 10. Haiyan was last noted as a tropical depression by the
JMA the following day.
3. Numerical Models and Configurations
3.1. Atmosphere-Wave-Ocean coupled model
The atmosphere-wave-ocean integrated modeling system consists of the following components (Fig. 2): the
Advanced Research Weather Research and Forecasting (WRF) model (v 3.2) (Skamarock et al., 2008) for the
atmosphere, the third generation wind-wave model WaveWatchIII (WWIII) v 3.14 (Tolman, 2009) for the waves,
and the primitive-equation ocean model POM (Mellor, 2004) for the ocean.
The present study adopts an interactive grid nesting with four domains (Fig. 3) and horizontal resolutions of 27,
9, 3, and 1 km, respectively. The WRF computation is carried out for nine days from 00:00 UTC 3 November to
00:00 UTC 12 November 2013. The initial and lateral boundary conditions are imposed every six hours using the
National Centers for Environmental Prediction (NCEP) Final Analysis (FNL) Operational Global Analysis data with
a 0.5°×0.5° latitude-longitude resolution (http://rda.ucar.edu/datasets/ds083.2/). The model topography for the
chosen domain regions is obtained from the U.S. Geological Survey (USGS) topography database. A Four-
Dimensional Data Assimilation (FDDA) technique is also applied to all of the domains in the wind, temperature and
mixing ratio fields every six hours with the same NCEP FNL data. Table 1 displays the physical parameterizations
used in the WRF simulations.
The WWIII model is applied to the Haiyan-induced storm wave simulations for the same periods with the same
configuration of four nesting domains as the WRF simulation to account for the accurate swell propagation. The
external forcing is imposed from the simulated winds from the WRF model and the currents and water level from
the POM. In the last version (v 3.14) of the energy balance equation of WWIII used in this study, the depth-induced
wave energy dissipation term (Battjes and Janssen, 1978) is incorporated for the wave propagation in shallow water
environment, which is the same formula adapted in the SWAN model (Booij et al., 2004). Therefore, the shallow
water dynamics in the surf zone are expressed properly. The wind input and whitecapping dissipation terms
developed by Tolman and Chalikov (1996) are used together with the discrete interaction approximation nonlinear
wave-wave interactions (Hasselmann et al., 1985). The frequency increment factor (Xω), the first frequency (ω0), the
number of frequencies and the directions for all of the simulations are set as 1.1, 0.0412 Hz, 25 and 36, respectively.
The initial and boundary conditions for domains 2, 3 and 4 are imposed from the mother domains, while the zero
start (with the initial spectral densities of 0) is applied for domain 1 in the WWIII simulations.
The POM simulation for the storm surge is also performed for the same period with only domain 4. The
meteorological forcing (the wind and pressure fields) and wave forcing (the momentum flux in the wave-current
interactions through whitecapping and depth-induced wave breaking) are imposed from the WRF results and the
WWIII calculations, respectively. The details of the wave-current interactions, in terms of the momentum transfer
through whitecapping and depth-induced wave breaking, are described in the following sub-section. The prescribed
tidal forcing of 8 constituents (M2, S2, K1, O1, N2, K2, P1, and Q1) is applied at the lateral open ocean boundaries
from the National Astronomical Observatory’s ocean tide model (Matsumoto et al., 2000). For the storm surge
simulations, the barotropic ocean states are considered such that the influences of the temperature and salinity
profiles in the ocean remain uniform. The bathymetry for the wave and storm surge simulations is taken from the
GEBCO 30 arc-sec database.
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During the simulations, the WRF is performed independently without synchronous coupling with other models.
Then, the WWIII is performed for the domain 1 and nested domains 2 and 3 consecutively. Lastly, the WWIII and
POM are coupled synchronously for domain 3 run, considering the wave-current interactions in the simulation with
the external forcing from the WRF output.
Table 1. Domain size, resolution, physics and parameterizations used in the WRF simulation. The last two rows indicate that the model
domains applied to surface waves and storm surge simulations.
Physics/Parameterizations Domain1 Domain2 Domain3 Domain4
Horizontal resolution 27 km 9 km 3 km 1 km
Domain size 190×110×36 157×121×36 184×145×36 154×154×36
Cloud microphysics New Thompson et al.
scheme
New Thompson et al.
scheme
New Thompson et al.
scheme
New Thompson et al.
scheme
Longwave radiation RRTM scheme RRTM scheme RRTM scheme RRTM scheme
Shortwave radiation Goddard shortwave
scheme
Goddard shortwave
scheme
Goddard shortwave
scheme
Goddard shortwave
scheme
Boundary layer
parameterization
Yonsei University
scheme
Yonsei University
scheme
Yonsei University
scheme
Yonsei University
scheme
Cumulus parameterization Kain-Fritsch scheme None None None
Surface-layer Monin-Obukhov
similarity scheme
(MM5 scheme)
Monin-Obukhov
similarity scheme
(MM5 scheme)
Monin-Obukhov
similarity scheme
(MM5 scheme)
Monin-Obukhov
similarity scheme
(MM5 scheme)
Land-surface
parameterization
5-layer thermal
diffusion model
5-layer thermal
diffusion model
5-layer thermal
diffusion model
5-layer thermal
diffusion model
Surface waves (WWIII) ○ ○ ○ ○
Storm surges (POM) × × ○ ○
3.2. Wave-induced dissipation stress
The wave-induced dissipation stress is introduced by considering the whitecapping in deep water and the depth-
induced wave breaking in shallow water (Lee and Yamashita, 2009; Lee et al., 2013).
Whitecapping mainly depends on the wave steepness, whereas wave breaking in shallow water depends on the
water depth. Thus, wind-wave energy dissipation due to whitecapping at finite depths affects the upper layer of the
water column, called the wave-affected boundary layer by Jones and Monismith (2008), while the transformed
momentum from the wave energy that is dissipated due to depth-induced wave breaking in shallow water may
influence the entire water column (Fig. 2).
The concept of the surface roller (D = τrC, where D is dissipation, τr is roller stress, and C is wave celerity)
developed by Svendsen (1984) and Deigaard and Fredsoe (1989) is extended to consider the role of whitecapping as
well as depth-induced wave breaking in wave-current interactions. In addition, dissipation coefficients were
introduced to explicitly account for the wave energy dissipation ratio between the turbulence dissipation and the
momentum flux (τdis; hereafter, dissipation stress) in the wave-affected boundary layer due to wave breaking.
It is now possible to quantitatively estimate the wave energy dissipation due to wave breaking using a spectral
wind-wave model, although the observations are difficult under strong storm conditions. In the WWIII, the wind-
wave energy spectrum grows or decays corresponding to the energy balance in the source and sink terms. The sink
terms due to whitecapping (Sds(w)) and depth-induced wave breaking (Sds(dep)) are also estimated from the spectral
action balance equation. Then, the wave-induced dissipation stress is defined as follows;
         
   
   
 
   
   
 
(1)
where, ρ and g are the density of water and the gravitational acceleration, respectively. The Ks(w) and Ks(dep) terms
are the dissipation coefficients for whitecapping and depth-induced wave breaking, respectively.
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Fig. 4. (a) Comparison of the simulated track and the JMA RSMC best track of Typhoon Haiyan; (b) comparison of the typhoon intensity in
terms of minimum central pressure and the maximum wind speeds.
4. Results
4.1. Track and intensity
Figure 4 shows the results of typhoon track and intensity in terms of central minimum pressure and wind speed
by comparing the computed values with JMA RSMC best track data. The computed typhoon track agrees well with
the best track data. However, there are discrepancies appeared between the computed central pressure and the best
track. In meteorological modeling, there are many factors affecting the model results, such as spatial resolutions,
quality of initial and boundary data, physics/parameterizations and their combinations, data assimilation, and bogus
scheme. For example, perhaps the simulation conditions in Table 1 may not be the best combinations, but somehow
being recommended for TC study from other studies. Moreover, the temporal variation of sea surface temperature
and mixed-layer responses of the under-lying sea could also significantly affects the results of meteorological
modeling, in particular for tropical cyclone.
Fig. 5. Computed storm surges (a) without the effects of wave-induced dissipation stress; (b) with the effects of dissipation stress in Domain 3.
Fig. 6. (a) Computed maximum significant wave heights; (b) wave setup due to the wave-induced dissipation stress in Domain3.

 
 

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Fig. 7. Computed sea levels at Cadiz, Cebu, Ormoc, Talcoban, and Guiuan. Dash blue lines indicate the predicted tide levels only, black lines
represent sea level variations due to tides+wind+pressure effects, and the red lines considered the wave setups adding to the
tides+wind+pressure effects.
4.2. Storm surge and storm waves
The computed storm surges in the central Philippines in Domain 3 are depicted in Fig. 5. The effects of wave-
induced dissipation stress in Leyte Gulf and the Visayan Sea. Figure 6 exhibits the computed maximum significant
wave heights during the 9 days of simulation and the wave setup heights due to the wave-induced dissipation stress
in Domain 3. As noted, the significant wave heights in Leyte Gulf and Visayan Sea are about 6 to 8 meters. Therefore,
the wave setup due to the dissipation stress are noticeable. However, even though the significant wave heights are
very large along the eastern coast of Samar Island, the effects of the dissipation stress is insignificant due to deep
water depth and steep shelf slope. The effects of steep shelf slope and deep bathymetry is quite similar with the
eastern coast of Taiwan (Lee et al., 2013). Therefore, much higher mesh resolution (smaller grid interval) may be
necessary to consider the effects of breaking waves in this region.
Figure 7 displays the computed sea levels due to predicted tides, tides with effects of wind and pressure forcing,
and wave setups in addition to meteorological forcing. The highest storm surge can be seen at Talcoban with more
than 2 m.  In Fig. 8, the computed wave setup, sea levels due to tide, wind and pressure effects, and due to tide, wind,
pressure and setup, and computed storm surge at Talcoban are highlighted to illustrated the effect of wave setup
induced by the dissipation stress.
Fig. 8. (a) computed wave setup, (b) computed sea levels of tide (dash blue), tide+wind+pressure (black), and tide+wind+pressure+setup (red),
and (c) computed storm surges from tide+wind+pressure (black), and tide+wind+pressure+setup (red).



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5. Conclusions
In this study, we illustrated the storm surge and storm wave modeling over the central Philippines by Typhoon
Haiyan in November 2013 with an integrated atmosphere-wave-ocean modeling system. In the integrated modeling
system, the effects of breaking waves, whitecapping in deep water and depth-induced wave breaking in shallow
water, are considered via the wave-induced dissipation stress. The simulated results clearly illustrate that the wave
setups is one the important factors that amplify the storm surge at Talcoban in Leyte Gulf. The integrated modeling
system is an effort of developing of a numerical tool for both meteorological and oceanic conditions under extreme
events.
Acknowledgements
This research is supported by the Tenure-Track program of Saitama University.
References
Bao, J.-W., Wilczak, J.M., Choi, J.-K., Kantha, L.H., 2000. Numerical Simulations of Air-Sea Interaction under High Wind Conditions Using a
Coupled Model: A Study of Hurricane Development. Mon. Wea. Rev. 128, 2190-2210.
Battjes, J.A., Janssen, J.P.F., 1978. Energy Loss and Set-Up Due to Breaking of Random Waves. Proc. of the 16th International Conference on
Coastal Engineering, 569-587.
Bender, M.A., Ginis, i., 2000. Real-Case Simulations of Hurricane–Ocean Interaction Using A High-Resolution Coupled Model: Effects on
Hurricane Intensity. Mon. Wea. Rev. 128, 917-946.
Booij, N., Haagsma, I.G., Holthuijsen, L.H., Kieftenburg, A.T.M.M., Ris, R.C., Westhuysen, A.J.v.d., Zijlema, M., 2004. SWAN User Manual,
SWAN Cycle III version 40.41. Delft University of Technology.
Chan, J.C.L., Duan, Y., Shay, L.K., 2001. Tropical Cyclone Intensity Change from a Simple Ocean-Atmosphere Coupled Model. J. Atmos. Sci.
58, 154-172.
Deigaard, R., Fredsoe, J., 1989. Shear stress distribution in dissipative water waves. Coastal Engineering 13, 357-378.
Hasselmann, S., Hasselmann, K., Allender, J.H., Barnett, T.P., 1985. Computations and Parameterizations of the Nonlinear Energy Transfer in a
Gravity-Wave Specturm. Part II: Parameterizations of the Nonlinear Energy Transfer for Application in Wave Models. Journal of Physical
Oceanography 15, 1378-1391.
Jones, N.L., Monismith, S.G., 2008. The Influence of Whitecapping Waves on the Vertical Structure of Turbulence in a Shallow Estuarine
Embayment. Journal of Physical Oceanography 38, 1563-1580.
Lee, H.S., Yamashita, T., 2009. Study on wind-wave-current interaction process in shallow water dynamics, Asian and Pacific Coasts 2009.
APAC, Singapore, pp. 65-72.
Lee, H.S., Yamashita, T., Hsu, J.R.C., Ding, F., 2013. Integrated modeling of the dynamic meteorological and sea surface conditions during the
passage of Typhoon Morakot. Dyn. Atmos. Oceans 59, 1-23.
Matsumoto, K., Takanezawa, T., Ooe, M., 2000. Ocean Tide Models Developed by Assimilating TOPEX/POSEIDON Altimeter Data into
Hydrodynamical Model: A Global Model and a Regional Model Around Japan. Journal of Oceanography 56, 567-581.
Mellor, G.L., 2004. Users guide for a three-dimensional, primitive equation, numerical ocean model. Prog. in Atmos. And Ocean. Sci., p. 53.
Moon, I.-J., 2005. Impact of a coupled ocean wave-tide-circulation system on coastal modeling. Ocean Modelling 8, 203-236.
NDRRMC, 2014. Updates re the Effects of Typhoon "YOLANDA" (HAIYAN). National Disaster Risk Reduction and Management Center,
Republic of Philippines.
Skamarock, W.C., Klemp, J.B., Dudhia, J., Gill, D.O., Barker, D.M., Duda, M.G., Huang, X.-Y., Wang, W., Powers, J.G., 2008. A Description
of the Advanced Research WRF Version 3. NCAR/TN–475+STR NCAR TECHNICAL NOTE, 113.
Svendsen, I.A., 1984. Wave heights and set-up in a surf zone. Coastal Engineering 8, 303-329.
Tajima, Y., Yasuda, T., Pacheco, B.M., Cruz, E.C., Kawasaki, K., Nobuoka, H., Miyamoto, M., Asano, Y., Arikawa, T., Ortigas, N.M., Aquino,
R., Mata, W., Valdez, J., Briones, F., 2014. Initial report of JSCE-PICE Joint Survey on the storm surge disaster caused by Typhoon Haiyan.
Coastal engineering journal 56, 1450006.
Tolman, H.L., 2009. User manual and system documentation of WAVEWATCH III version 3.14. NOAA NCEP EMC MMAB, p. 194.
Tolman, H.L., Chalikov, D.V., 1996. Source terms in a third-generation wind-wave model. J. Phys. Oceanogr. 26, 2497–2518.
Xie, L., Liu, H., Peng, M., 2008. The effect of wave-current interactions on the storm surge and inundation in Charleston Harbor during Hurricane
Hugo 1989. Ocean Modelling 20, 252-269.
